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We simulate the adiabatic contraction of a dark matter (DM) distribution during the process of
the star formation, paying particular attention to the phase space distribution of the DM particles
after the contraction. Assuming the initial uniform density and Maxwellian distribution of DM
velocities, we find that the number n(r) of DM particles within the radius r scales like n(r) ∝ r1.5,
leading to the DM density profile ρ ∝ r−1.5, in agreement with the Liouville theorem and previous
numerical studies. At the same time, the number of DM particles ν(r) with periastra smaller
than r is parametrically larger, ν(r) ∝ r, implying that many particles contributing at any given
moment into the density ρ(r) at small r have very elongated orbits and spend most of their time at
distances larger than r. This has implications for the capture of DM by stars in the process of their
formation. As a concrete example we consider the case of primordial black holes (PBH). We show
that accounting for very eccentric orbits boosts the amount of captured PBH by a factor of up to
2× 103 depending on the PBH mass, improving correspondingly the previously derived constraints
on the PBH abundance.
PACS numbers: 95.35.+d, 04.70.Bw
I. INTRODUCTION
Astrophysical and cosmological observations have pro-
vided a compelling evidence that about 28% of the en-
ergy density of the Universe is contained in the form of a
non-relativistic non-baryonic dark matter (DM) [1]. De-
spite the extensive experimental efforts, all the attempts
at direct and indirect non-gravitational detection of this
matter have been unsuccessful so far, so that the DM na-
ture remains essentially unconstrained, leaving room for
a diversity of candidates. It is often assumed that the
DM is composed of some kind of new particles beyond
the Standard Model — axion-like particles, sterile neu-
trinos, weakly interacting massive particles are the most
common examples. However, other candidates such as
primordial black holes (PBH) may provide a viable al-
ternative. In the latter case, the advantage is that no
new particles beyond the Standard Model are required.
Apart from direct and indirect searches, competitive
constraints on DM properties may be obtained from ob-
servations of stars where the DM could have been ac-
cumulated and produced observable effects. In the Sun,
the DM annihilation may result in the observable flux of
high energy neutrinos [2]. DM may also induce abnor-
mal asteroseismological effects [3] or suppress convection
zones [4, 5] or even modify the transportation properties
throughout the star [6, 7].
More catastrophic effects may result from the DM ac-
∗Dynasty Foundation fellow
cumulation in compact stars such as neutron stars (NSs)
or white dwarfs(WDs). If the particles of DM are not
self-annihilating (e.g., asymmetric dark matter), the ac-
cumulated amount of DM may become sufficient to form
a black hole (BH) inside the compact star [8–10]. Because
of a much higher density of nuclear matter in compact
stars as compared to main sequence stars, the accretion
is sufficiently efficient to destroy the star in a short time
(see Ref. [11] for a detailed discussion, including the role
of the angular momentum). In this case mere observa-
tions of compact stars imply constraints on the DM prop-
erties [8–10].
The same considerations obviously apply to the DM
composed of PBHs, in which case there is no need to ac-
cumulate DM in order to form a BH. If even a single PBH
is captured by a compact star, the latter gets destroyed.
Requiring that the probability of such an event is small
leads to the constraints on the PBH abundance [12, 13].
The key quantity which determines the strength of the
constraints is the amount of captured DM. There are two
different capture mechanisms. A star can capture DM
from its surrounding environment, such as the Galac-
tic halo, during its lifetime. The DM particles passing
through the star may interact with the nucleons, losing
enough energy to become gravitationally bound [2, 14].
Then each subsequent orbit will also pass through the
star, so that eventually, after many collisions, the DM
particle will sink to the center of the star. Such capture
process can lead to the accumulation of a considerable
amount of DM inside the compact star throughout its
lifetime [8].
The DM could also be captured during the star for-
mation. A main-sequence star is formed from the gravi-
ar
X
iv
:1
40
3.
70
98
v2
  [
as
tro
-p
h.C
O]
  1
3 O
ct 
20
14
2tational collapse of a prestellar core in a giant molecular
cloud. In the course of this process, the DM that was ini-
tially gravitationally bound to the core undergoes adia-
batic contraction, forming a cuspy profile centered at the
star, with the density ρ(r) behaving like ρ(r) ∝ r−3/2.
Some of this DM ends up captured inside the star. This
mechanism was first discussed in [15] and more recently
in [13] where the constraints on the abundance of PBHs
were derived. Note that the adiabatic contraction is a
purely gravitational phenomenon that assumes nothing
about the DM-to-nucleon cross section [16].
In this paper we study in more detail the adiabatic
contraction of the DM caused by the star formation pro-
cess, with the final goal to obtain a more precise estimate
of the amount of the DM captured by a star as a result of
its formation. It turns out that for this purpose the (usu-
ally considered) DM density profile after the contraction
is not sufficient, and one needs to know in more detail
the distribution of DM in the phase space. As we will
show, the detailed calculations lead to the results that
are qualitatively different from the estimates based on
the contracted DM density profile alone.
To see what is the point, recall that in order to get
captured, the DM particles have to lose their energy by
interactions with the star material. Therefore, one needs
to calculate the number of particles whose orbits cross
the star after the adiabatic contraction. In Ref. [13], this
number was estimated by taking the DM density profile
after the contraction and integrating it over the volume of
the newly-formed star. However, this estimate does not
account correctly for particles that spend only a small
fraction of time inside the star, because their contribu-
tion into the density is correspondingly suppressed. At
the same time these particles can still get captured be-
cause their orbits will cross the star again and again, and
eventually they will get captured if given enough time.
The question is how big is the number of such particles.
To quantify this effect, we have performed a simulation
of the adiabatic contraction process where we have mea-
sured, in addition to the density at a given distance, the
number of particles that have orbits with the periastron
smaller than given radius r. Our key observation is that
the number of such particles scales differently at small r
than the number of particles that are within r at a given
moment: while the latter behaves like ∝ r1.5 (which cor-
responds to the density having a spike ρ ∝ r−1.5), the
former goes as r. This means that at small r there are
much more particles that ever pass within r, than actu-
ally are within r at a given moment. If these particles
have enough time to lose their energy and get captured,
this would substantially boost the amount of captured
DM and improve the constraints accordingly. For rel-
evant values of parameters, the boost factor can be as
large as ∼ 2 × 103. The estimate of Ref. [13] based on
the density profile is, therefore, by far over-conservative.
When these considerations are applied to the case
of PBH, the previously derived constraints [13] get im-
proved. The improvement factor depends on the PBH
mass that determines the energy loss time and for some
masses can reach its maximum value of ∼ 2× 103.
The rest of this paper is organized as follows. In Sect.
II we discuss the capture of DM by adiabatic contraction
during the star formation stage. In Sect. III we present
the resulting constraints coming from the enhancement
of the DM capture in the case the latter is composed of
PBHs. Finally, in Sect. IV we present our conclusions.
II. ADIABATIC CONTRACTION OF DM
DURING STAR FORMATION
In this section, we discuss the adiabatic contraction of
DM during the process of star formation, paying partic-
ular attention to the final distribution of particle orbits.
A. Star formation and adiabatic contraction of DM
Stars are formed in giant molecular clouds (GMCs)
with a typical mass of 105 − 106M and density ρB ∼
500 GeV/cm3. Such GMCs are initially supported
against gravitational collapse by several pressure com-
ponents [17, 18]. When this support gets reduced due
to dissipation, GMCs fragment into smaller clumps, each
forming a protostar after the contraction of the gas. The
newly formed protostars have a central blob and a sur-
rouding disk of gas. Once the central part has accumu-
lated most of its main-sequence mass from the surround-
ing disk of gas, it is considered to be a pre-main-sequence
star. Note that such process takes much longer than
the gravitational free-fall time tff ∼ (Gρ0)−1/2, where ρ0
is the average density of the protostar cloud. The ini-
tial baryonic density is known from observations of the
SCUBA instrument [19] and fits well a Bonnor-Ebert pro-
file [19] that can be approximated by a uniform density
profile in the core. At the initial stages, such baryonic
density is quite high, so for most environments the grav-
itational effect of the DM on the formation of stars is
negligible. For all practical purposes, the behavior of
DM is determined by the gravitational potential of the
baryons.
The baryons contracting into a protostar create a time-
dependent gravitational potential which drags the DM
particles along with the contracting baryons. As a re-
sult, the DM distribution develops a density profile that
is peaked at the core of the prestellar cloud. Since this
process takes much more time than the free-fall time tff,
certain quantities are adiabatically conserved, which may
be used in analytical estimates, provided some simplify-
ing assumptions are made about the particle orbits. In
realistic cases, however, one has to resort to numerical
simulations.
3B. Simulation of DM orbits
The star formation stage relevant for this paper is the
formation of the star from a pre-stellar core. We adopt
the core parameters following Ref. [13], the typical val-
ues being the baryonic density ρ ∼ 5× 106GeV/cm3 and
the size ∼ 5000 AU. This baryonic density is much larger
than the DM density in any of the environments that will
be considered in this paper, so we neglect the DM contri-
bution to the gravitational potential. This simplifies the
simulations enormously as the DM trajectories may be
evolved, one at a time, in the same time-dependent grav-
itational potential created by the contracting baryons.
In the adiabatic approximation it is not important how
exactly the gravitational potential changes — only the
initial and final states matter. We have modeled the
gravitational potential of the contracting baryons by a
two-component mass distribution: the uniform spherical
cloud and a point mass in its center. The total mass of
the cloud and the value of the central mass are chosen
in such a way that the latter linearly grows from zero
at t = 0 to the maximum value at t = T , while the
former decreases from the maximum value to zero, the
total mass of the system being constant. In order to
satisfy the adiabatic condition requiring the time of the
star formation process to take much longer than the free-
fall time tff, this change is performed slowly over a period
of time T that is at least several times longer than tff.
For the initial DM distribution we take a uniform dis-
tribution in space characterized by some background DM
density ρ¯DM, and the Maxwellian distribution in veloci-
ties with the dispersion v¯,
dn = n¯DM
(
3
2piv¯2
)3/2
exp
{−3v2
2v¯2
}
d3v, (1)
where n¯DM = ρDM/mDM is the mean DM number den-
sity. The assumption of the Maxwellian distribution in
velocities is not an essential one, because only the parti-
cles that are gravitationally bound to the pre-stellar core
are affected by the contraction of baryons. These parti-
cles have very small velocities as compared to v¯ even for
v¯ as low as a few km/s. Thus, any distribution which is
flat around v ∼ 0 will produce the same results.
An estimate of the initial density of DM that is gravi-
tationally bound inside the pre-stellar core has been com-
puted for several star masses in [13]. This estimate is
essentially based on the assumption that the formation
of the pre-stellar core does not change substantially the
DM phase space density (the Liouville’s theorem) as com-
pared to the ambient DM distribution. From eq. (1), at
zero velocity v the ambient phase space density is (cf.
[20])
Qmax =
(
3
2pi
)3/2
ρ¯DM
m4DMv¯
3
. (2)
So, the density of DM gravitationally bound to the pre-
stellar core is suppressed as compared to the ambient
DM density by the factor (v/v¯)3  1, v being the escape
velocity from the pre-stellar core. This suppression factor
is included in our estimates.
The simulation proceeds as follows. At t = 0 we inject
a DM particle with a random uniformly distributed initial
position and velocity (keeping in mind that at v  v¯ the
Maxwellian distribution reduces to a uniform one). If the
particle is gravitationally bound at t = 0, it is evolved
through the equations of motion, otherwise it is rejected.
The basic setup is, therefore, the same as in Ref. [13].
We have simulated about 3×107 trajectories in this way.
The density profile can be obtained by recording the
positions of particles at a randomly chosen time t > T
(i.e., when the baryonic contraction is finished). Their
distribution in r can be then converted into particle den-
sity. This information, however, is not enough for an
accurate estimate of the number of captured particles be-
cause many trajectories pass through the star, but spend
most of their time outside. The number of such trajec-
tories is not reflected in n(r), and accounting for them is
the main goal of the current calculation (and the main
difference with Ref. [13]). So, to have a complete infor-
mation about each trajectory we calculate and record the
periastron rmin and apastron rmax of each particle orbit
at the end of star formation (these, of course, do not
depend on time once the contraction is finished). The
distribution of rmin determines the number of particles
that ever get within a given distance from the center.
In order to calculate the density profile after the con-
traction one has to sample the particle position r uni-
formly in time. The actual simulation of the trajectory
after the contraction is not needed for this purpose: in-
stead one can use the Kepler’s second law, which states
that an imaginary line connecting the particle’s position
to the center of the star sweeps out the same area in
the same amount of time. Therefore, for the trajectory
defined by the given values of rmax and rmin the quantity
ξ(x) =
1
2
− 2
pi(1 +R)
√
(R− x)(x− 1)
− 1
pi
arctan
(
1 +R− 2x
2
√
(R− x)(x− 1)
)
(3)
where x = r/rmin, R = rmax/rmin and ξ = A/Atot with
Atot half of the total area of the orbit, is proportional to
the time. This function is constructed in such a way that
ξ(1) = 0 and ξ(R) = 1. Thus, one can generate a ran-
dom uniformly distributed ξ ∈ [0, 1] and solve eq. (3) for
x, obtaining r = xrmin which is distributed in a way that
the uniform time sampling would give. This is computa-
tionally efficient, and can be done several times per each
simulated trajectory. We have checked that the resulting
distribution of r agrees with the directly measured one,
Ref [13].
Fig. 1 shows the resulting distributions as a function of
r/R¯, where R¯ is the initial radius of the cloud. The actual
star radius is also indicated on the plot. The lower curve
shows the fraction n(r) of particles that are, in a given
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FIG. 1: Lower curve: The fraction of particles n(r) that are
found within radius r at the end of the adiabatic contraction.
R¯ is the initial radius of the prestellar core. Upper curve:
The fraction of particles ν(r) whose orbits have the periastron
smaller than r. Lines show the power laws n(r) ∝ r1.5 and
ν(r) ∝ r. The errorbars represent statistical errors.
moment of time, within the radius r from the center.
Points with errors represent the results of the simulation.
The straight line is a fit by the power law n(r) ∝ r1.5.
Bearing in mind that n(r) is proportional to the density
integrated up to the radius r, we conclude that ρ(r) ∝
r−1.5, in agreement with the results of Refs. [13] and [21]1
The upper curve shows the fraction ν(r) of particles
whose orbits have periastra within the radius r. One
can see that the fraction of such orbits is larger than
n(r). The reason is that, after the adiabatic contrac-
tion, a considerable amount of DM particles have very
elongated orbits and spend most of their time outside
the region of radius r. Indeeed, ν(r) scales differently,
ν(r) ∝ r. The ratio of the two curves gives the enhance-
ment factor as a function of the radius. At the star radius
r = R this factor is ν(R)/n(R) = 1.84 × 103. This
is our key observation and the source of differences with
Ref. [13].
A few comments are in order. First, the number of sim-
ulated trajectories is sufficient to directly measure ν(r)
and almost sufficient to measure n(r) – the required ex-
trapolation in the latter case is by a factor of a few only.
Second, we have checked that the results do not depend
on the duration T of the baryon contraction as long as
T & 3tff. This means that the adiabatic approximation is
a good approximation as long as T & 3tff. Remark that
the natural timescale of the star formation is T  tff [22].
Finally, we would like to point out that our results are
in agreement with the Liouville’s theorem which requires
the phase space density of DM particles to stay constant
during the star formation process. This implies that the
density of DM after the contraction cannot be more cuspy
1 We would like to thank the anonymous referee for pointing out
the last reference.
than ρ ∝ r−1.5, which is satisfied in our simulations. The
distribution in periastra, on the contrary, has no straight-
forward limitations from the Liouville’s theorem.
To summarize, as a result of the formation of a star,
the DM bound to the prestellar core experiences the adi-
abatic contraction and develops a cuspy profile with the
density ρ ∝ r−1.5. Moreover, the distribution of the DM
particles in orbits becomes such that there are much more
particles that ever come within given radius r than there
are with r at any given moment. For r = R the en-
hancement factor is ∼ 2 × 103. Whether all these DM
particles can be finally captured by the star depends on
whether there is enough time for them to lose energy via
the DM-nucleon interactions. As a concrete example, in
the next section we work out the implications of this en-
hancement factor for the case of PBHs as DM candidates.
III. CONSTRAINTS ON PBH
A. Existing constraints
For completeness, we start with the brief summary of
the already existing constraints. Depending on the mass
of PBHs, different effects result in constraints on their
fraction. First, PBHs with masses mBH ≤ 5 × 1014g
evaporate through Hawking’s radiation in a time shorter
than the age of the Universe, making them unviable DM
candidate. At higher masses, although PBHs are able to
survive until present epoch, they evaporate too efficiently
and overproduce the observed γ-ray background unless
their mass is larger than (a few)× 1016 g [23–25].
For PBHs with masses mBH ≥ 1017g the Hawking
radiation is negligible. Still, constraints can be im-
posed by looking at microlensing effects that such PBHs
induce when passing in front of a bright source. In
this way, the EROS microlensing survey and the MA-
CHO collaboration derived constraints on the fraction
of PBHs in the Galactic halo for the range of masses
1026 g < mBH < 10
33 g [25, 26] that may be improved
in the near future [27, 28]. In the same region of masses,
the effect of superradiant instabilities of rotating PBHs
on the cosmic microwave background has been studied
in [29], leading to interesting constraints.
For mBH > 10
33 g, it has been found in [30] that the ac-
cretion of gas by PBHs before the non-linear stage of the
large scale structure formation leads to emission of X-rays
that induces changes in the cosmological parameter esti-
mates. Using both data from the three-year Wilkinson
Microwave Anisotropy Probe (WMAP3) and the COBE
Far Infrared Absolute Spectrophotometer, very stringent
constraints have been derived in [30].
In the remaining mass window 1017 g < mBH < 10
26 g,
constraints from femtolensing for masses 1018 g < mBH <
1020 g have been claimed in Ref. [31]. Finally, consid-
ering both the PBH capture at the stage of star for-
mation and during the lifetime, the constraints have
been derived in Refs. [12, 13] in the range of masses
51016 g < mBH < 10
24 g assuming the existence of dense
DM cores in globular clusters at the epoch of star forma-
tion as would be the case if the latter were of a primordial
origin. Note that much more stringent constraints based
on the PBH capture by neutron stars have been claimed
recently in Ref. [32]. Such constraints have been indepen-
dently analyzed and criticized in [33, 34]. The existing
constraints are summarized in Fig. 3.
B. Revised constraints on PBH from star
formation
The complete information about the DM particle tra-
jectories after the adiabatic contraction allows one to
make a more accurate estimate of the number of cap-
tured PBHs than it was done in Ref. [13]. Since only the
PBHs that can lose energy can be captured, only the tra-
jectories that pass through or in the near vicinity of the
star are relevant. To calculate the number of captured
PBHs, for each PBH trajectory of this type one has to
determine whether there is enough time for the PBH to
lose energy and end up in the compact remnant of the
star — WD or NS.
Let us sketch the calculation of the capture time. Two
stages of the energy loss should be distinguished. At
the first stage, the PBH spends part of the time outside
the progenitor star. Such orbits can be approximately
considered as radial, except a small number of cases when
the apastron is of order R∗. In this approximation, the
capture time has been estimated in [12] to be of order
tcapt ' 2τ
√
ξ0 ∼ 2× 108 yrs
(
1022 g
mBH
)
, (4)
where
τ =
piR
5/2
∗ v2
4GmBH
√
GM ln Λ
,
with ξ0 = rmax/R∗, v the escape velocity of the star, ln Λ
the Coulomb logarithm [35] that takes a value close to
ln Λ ' 30 for a main-sequence star, and R∗ and M the
radius and the mass of the star, respectively. For the
numerical value in eq. (4) we have taken rmax/R¯ ' 0.1
corresponding to a value of ξ0 ' 4.4×104. However, when
computing the constraints presented below we have used
the values of rmax corresponding to simulated trajecto-
ries, which is the main difference with the estimates of
Ref. [13]. In this way we have determined, for each PBH
mass, the fraction of simulated PBH orbits that would
be captured by the star during its lifetime.
While deriving the constraints, we have also taken into
account the PBH orbits that do not cross the star, but
come close enough to lose energy through tidal interac-
tions [36]. However, the amount of PBHs captured in
this way turned out to be negligible.
The second stage starts when PBH is fully inside the
star. It then continues to lose energy through the dynam-
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FIG. 2: Constraints on the abundance of PBHs assuming the
DM velocity dispersion of 7 km/s. The constraints derived in
Ref. [13] are in green, while the revised ones are in blue.
ical friction [37] and gradually sinks towards the star cen-
ter until the moment when the star turns into a compact
remnant. If the radius to which the PBH has been able
to sink to during the lifetime of the star is smaller than
the radius of the compact remnant, the latter inherits a
PBH. The efficiency of the dynamical friction grows with
the PBH mass. At large masses all the PBH captured
by a star have time to sink to within the radius of the
future remnant in a lifetime of the star. At small masses
only a fraction of captured PBH can make it. At the
second stage there is no difference with the calculations
of Ref. [13]. Combining the two stages gives the fraction
of the PBHs that ends up inside the compact remnant.
The final step in deriving the constraints consists in
relating the number of simulated trajectories with the
mean density of DM in a given environment. This can
be done as described in Ref. [13] by calculating the frac-
tion of the DM particles which are gravitationally bound
to the prestellar core before the adiabatic contraction.
An important point to keep in mind is that this fraction
is proportional to the total DM density and inversely
proportional to the cube of the DM velocity dispersion.
Making use of this scaling, the results for one particular
DM density and velocity dispersion can be rescaled to
other values of these parameters.
To summarize, the difference between the present cal-
culation and Ref. [13] is that there it was assumed that
only PBHs that are within the star at a given moment
after the end of the adiabatic contraction are captured
by the star and may end up inside the compact remnant,
provided they sink sufficiently close to the center by the
time the remnant is formed. On the contrary, in the
present calculation all PBH trajectories that ever pass
through the star are taken into account. Whether there
is sufficient time for a PBH to be captured by the star
is calculated individually for each trajectory. The dis-
tribution of PBH over parameters of the orbits is taken
directly from the simulation.
The resulting constraints are shown in Fig. 2. To
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FIG. 3: Constraints on the fraction of PBHs as DM. Shaded
regions are excluded. The blue shaded regions correspond to
the revised constraints derived in this paper assuming the DM
densities of (104,103,102) GeV/cm3 and the velocity disper-
sion of 7 km/s. The red shaded regions represent the existing
constraints coming from various observations as explained in
Sect. III A.
obtain these constraints we have considered stars with
masses M ≤ M ≤ 7M, the progenitors of WDs, and
stars with 8M ≤M ≤ 15M which become NSs. WDs
lead to better constraints for low PBHs masses, while
NSs are more competitive at high masses. The transi-
tion between the two regimes is around mBH ∼ 1020 g.
For comparison, the constraints of Ref. [13] are also pre-
sented in Fig. 2. Both constraints are derived assuming
the velocity dispersion of v¯ = 7 km/s. Such velocities are
characteristic of globular clusters and dwarf spheroidal
galaxies. The constraints for other velocity dispersions
can be obtained by a simple rescaling as described above.
At large PBH masses, the revised constraints are sub-
stantially more stringent than those of Ref. [13]. In this
mass range the energy loss mechanism is so efficient that
all the gravitationally bound PBH that ever cross the star
have time to be captured and transferred to a compact
remnant. As pointed out in Sect. II, the number of such
trajectories turned out to be much larger than it was as-
sumed in Ref. [13]. In this range of masses the gain in
the total captured mass (and therefore, the improvement
in the constraints) is the ratio between the two curves
of Fig. 1 calculated at r = R∗ ∼ R, which is close to
1.8× 103. For stellar masses M∗ > 8M, this number is
reduced by a factor two.
At small PBH masses, the revised constraints are,
on the contrary, somewhat worse than the estimate of
Ref. [13]. The reason for this is that some of the PBH
that are inside the star by the end of the adiabatic con-
traction, are in fact on elongated orbits and spend most
of the time outside the star. When the energy losses are
not efficient, these PBH do not have enough time to lose
their energy and get captured by the star. Such orbits
were, but should not have been, included in the estimates
in Ref. [13], hence the difference.
Clearly, most stringent constraints come from observa-
tions of compact stars in regions with a high DM density
and a low DM velocity dispersion. As a benchmark, we
consider the values ρDM = (10
4, 103, 102) GeV cm−3 and
v¯ = 7 km s−1. The constraints that would result in
these cases are shown in Fig. 3 together with the other
existing constraints. The strongest constraints shown in
light blue correspond to the highest value of DM den-
sity considered, i.e ρDM ∼ 104 GeV cm−3 and decrease
linearly for lower values of DM density. The correspond-
ing conditions may be present in the cores of metal-poor
globular clusters at the epoch of star formation, if they
are proved to be of a primordial origin [38] (see detailed
discussions in [12, 13]). Another place where similar con-
ditions, albeit with somewhat lower densities, could exist
are dwarf spheroidal galaxies that are considered to be
DM dominated [39, 40] and have very low velocity dis-
persions [39]. However, at present compact objects such
as NS or WD have not been observed in dwarf spheroidal
galaxies. Nonetheless, surveys for pulsars and X-ray bi-
naries have already revealed some glimpses of NSs ex-
istence in dSph galaxies [41, 42], even though a clear
observation is still lacking.
IV. CONCLUSIONS
In this paper we have considered the adiabatic contrac-
tion of DM during the formation of a star. By simulating
the behavior of ∼ 30 million particles, we reconstructed
the phase space distribution of the DM at the end of the
star formation. In particular, the number of particles
n(r) within a given radius r was found to be propor-
tional to r1.5, which corresponds to the DM density pro-
file ρ(r) ∝ r−1.5, in agreement with previous calculations
and the Liouville theorem.
At the same time, we have found that the adiabatic
contraction creates a rather special distribution of par-
ticle orbits. Namely, if one considers the particles that
contribute to n(r) for a small r, a substantial (O(1)) frac-
tion of them have very elongated orbits with periastra
smaller than r. In fact, the number of particles ν(r) that
have periastra smaller than r scales as ν(r) ∝ r. Such
particles spend only a small fraction of time close to the
center, so their individual contributions to the density
at small r are suppressed. However, they are numerous
enough to contribute non-negligibly to the density. At
r = R, there are about 1.8 × 103 more particles that
have periastra smaller than r than there are particles
within r.
This has implications for the DM capture by stars after
their formation. A large number of particles that con-
stitute the DM cusp around the newly-formed star have
orbits that cross the star, which potentially leads to their
capture. This factor has not been taken into account in
the previous estimates.
As an application, we have considered the capture of
PBH by stars, which leads to the constraints on the
PBH abundance. We have recalculated the constraints of
7Ref. [13] computing capture times individually for each
trajectory, and taking trajectories directly from the sim-
ulation of the adiabatic contraction. In the range of PBH
masses 1020 g . mBH . 1026 g, the constraints are im-
proved by about 3 orders of magnitude due to the en-
hancement factor discussed above. The resulting con-
straints are shown in Fig. 2.
The most stringent constraints are obtained from ob-
servations of compact stars in the regions with high DM
density and small velocity dispersion. The examples cor-
responding to the densities ρ = (104, 103, 102) GeV cm−3
and a low velocity dispersion v¯ = 7 km s−1 are shown in
Fig. 3. Such conditions could have been present at the
cores of metal-poor globular clusters at the epoch of star
formation if they are of a primordial origin [38], or — with
a DM density somewhat smaller than 103 GeV/cm3 — in
dwarf spheroidal galaxies [39, 40, 43]. Even though clear
observations of compact objects in dwarf spheroidals are
lacking at the moment, first glimpses of NSs existence
may have already been observed [41, 42].
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